The characteristics of the steel solidification in continuous casting, especially the peritectic reaction, have a considerable effect on the surface quality of the cast blanks. This study employed the FactSage software and thermodynamic calculation to determine the effects of various elements on the carbon content at the peritectic point (Cp) at equilibrium conditions for regular carbon and low alloy steels. . Furthermore, the accuracy for the carbon content at the peritectic reaction was indirectly validated by comparing the liquidus, solidus and austenite formation temperatures from the calculated phase diagrams with literature data. Moreover, statistical analysis was performed on the longitudinal crack ratio for slabs produced in a commercial plant to determine the tendency for the peritectic reaction. The results show that when the cooling rate is taken into consideration, the difference between actual carbon content and predicted Cp is negatively correlated with the longitudinal crack rate.
Introduction
When the carbon content is in the range of 0.09 mass%-0.53 mass%, the peritectic reaction will occur during the solidification process of liquid steel for the Fe-C binary system as shown in Fig. 1 . In this figure, the carbon content at the peritectic point (Cp) is 0.172% and the peritectic reaction occurs only at a certain temperature. Moreover, the carbon content of the melt determines the extent of surface defects and surface longitudinal cracks, especially in the range of 0.09 mass% -0.15 mass%. This is because of the large volume contraction that occurs in the transformation from austenite to ferrite, which produces a larger shrinkage stress, and thus longitudinal cracks in the meniscus region. Therefore, the peritectic reaction has a considerable effect on the surface quality of continuous cast slabs. [1] [2] [3] However, in actual casting, it is also necessary to consider the influence of elements such as Si, Mn, P, S, Al and other alloying elements. For example, Fe-C-0.3 mass% Si-1.35 mass% Mn-0.01 mass% S-0.01 mass% P-0.035 mass% Al, as shown in Fig. 2 , Cp is 0.118% and the peritectic reaction occurs within a range of temperature. Additionally, the cooling rate can also affect the position of the peritectic reaction region, especially the position of the peritectic point in the phase diagram. Specifically, cooling rate makes the phase transition lag to some extent, causing it to move toward left of the phase diagram. Further, the higher the cooling rate, the more obvious is the shift toward bottom © 2012 ISIJ left. 4, 5) From the references which have been mentioned, the researches for quantitative study on this aspect are seldom discussed. . However, regular carbon and low alloy steels usually have lower alloy elements such as Ni, Mo and Cr, and these formulas ignored the existence of Al, S, P. So these formulas are probably not suitable for regular carbon and low alloy steels.
Thus, the present study employed the FactSage software to calculate Cp by creating phase diagrams for Fe-C-SiMn-P-Al-S system and determine the relationship between typical elements and Cp for regular carbon and low alloy steels, so as to design and optimize steel grades for various applications and provide a reference for setting process parameters and choosing the mold flux in actual practice.
On the basis of the results, the relationship between the components and Cp at equilibrium conditions was explored through multivariate nonlinear regression. The calculations were validated against values derived from liquidus, solidus and austenite formation temperatures for some steel grades measured by differential thermal analysis (DTA) and reported in the literature. In addition, the statistical correlation between the carbon content and the longitudinal crack ratio for slabs in an actual steel plant was investigated. Finally, taking cooling rate into consideration, the fitted relationship was validated directly against data from a commercial steel plant.
Effect of Individual Elements on Carbon Content at the Peritectic Point
Generally, for regular carbon and low alloy steels, the contents of Si, Mn, P, S, Al are below 0.5 mass%, 1.5 mass%, 0.05 mass%, 0.015 mass%, 0.06 mass%, respectively. Those of other alloy elements such as Cr, Ni, Ti, V, Cu, Nb and Mo are below 0.05% in liquid steel.
Effects of Si, Mn, P, S, Al
As seen in Fig. 3 , Si has no obvious effect on Cp in the range 0-0.5 mass%. However, when many other elements are taken into consideration, preliminary calculations show that Si can have a certain effect, because the Si content in steel is usually relatively high, there is a stronger interaction between Si and other elements, which can influence the peritectic point. Therefore, Si is taken into account in the multivariate nonlinear regression analysis in this work.
Next, as shown in Fig. 4 , Mn, P, S and Al can also affect the peritectic point to some degree. Addition of Mn and S causes the peritectic point to move to the left whereas addition of P and Al moves it to the right. An increase in Mn content from 0-1.5 mass% causes a decrease in Cp from 0.172% to 0.138%. Thus, Mn has a relatively large effect because it is present at relatively higher concentrations in regular carbon and low alloy steels. S, which is similar to Mn, also has a large effect, and an increase from 0-0.015 mass% S causes a decrease in Cp from 0.172% to 0.142%. However, S is usually considered a harmful element and so is maintained at low levels in making its influence minimal. For both Al and P, there is some effect below 0.05 mass%, but the effect is not very significant. Thus, in general, Mn and S have an obvious influence on Cp, whereas Si, Al and P have a less significant effects, which are in the order P>Al>Si for regular carbon steel and low alloy steel.
Effects of Alloy
Elements (Mo, Cr, Ni, V, Cu and Nb) Alloying elements such as Mo, Cr, Ni, V, Cu and Nb in regular carbon and low alloy steels are usually at concentrations of 0-0.05 mass%. As shown in Table 1 . These alloying elements have no obvious effects on Cp. Moreover, given their relatively low concentrations, mutual reactions among these and other elements would also be very minor. Thus, their effects on the peritectic point can be ignored for regular carbon and low alloy steels.
Fitting and Validation of Relationship between Composition and Carbon Content at the Peritectic Point

Fitting of Relationship between Composition and Carbon Content at the Peritectic Point
We employed the software to create 378 phase diagrams for Fe-C-Si-Mn-P-Al-S system and determined Cp in each diagram. The concentration chosen for each element were as follows:0.01, 0.03, 0.05 mass% Al; 0.005, 0.01, 0.015 mass% S; 0.02, 0.04, 0.05 mass% P; and 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 mass% Mn. Furthermore, the relationship between the Si, Mn, P, S, Al concentrations and Cp was fitted through multivariate nonlinear regression to obtain the followings: Range of application: 0-0.5 mass% Si, 0-1.5 mass% Mn, 0-0.06 mass% Al, 0-0.05 mass% P, 0-0.015 mass% S The value of R 2 (0.978) indicates high fitting precision between the regression curve and sample points, and the value of F (F=2 382.4> (F0.05(5 373)=2.24) shows that the regression effect is remarkable.
The fitted formula consists of a constant term, terms describing the effects of each element and terms describing the effects of interactions with other elements, which are expressed by cross terms.
For a deeper understanding of the effect of each element, the relationships for Al-P-Mn and Al-P-S-Mn were also obtained as follows: From the above fitted formulas, we may draw the following conclusions:
(1) Si itself does not have an obvious effect on the peritectic point. Its main influence is via interactions with other elements, such as Mn, and the interaction between Si and Mn shifts the peritectic point toward the left.
(2) P has an obvious individual effect and causes the peritectic point to move rightward, but its interaction with other elements have an insignificant effect.
(3) S has a large effect on the whole, both by itself and via interactions with other elements. Interaction between S and Mn causes the peritectic point to move toward the right, and interaction between S and Al makes the peritectic point move toward the left.
(4) Mn has an effect both individually and via interactions with other elements. Addition of Mn causes a leftward shift, interaction between Mn and S causes a rightward shift at the peritectic point.
(5) Finally, Al acts both individually and via interactions with other elements. Addition of Al causes a rightward shift, as does interaction between Al and S.
In addition, we obtained the relationship for high Al concentrations (0. Range of application: 0-0.5 mass% Si, 0-1.5 mass% Mn, 0.1-1.4 mass% Al, 0-0.05 mass% P, 0-0. 015 mass% S The above equation shows that in high-Al steel, the Al content has the largest effect on the peritectic point, particularly the zone where the peritectic reaction occurs. An increase in Al from 0 to 1.4% causes a rightward shift at the peritectic point, leading to an increase in Cp from 0.172% to 0.956%. This is because the austenite region is reduced by Al, as shown in Fig. 5 .
In this figure, the peritectic point gradually moves toward the right with an increase in [Al] . When [Al] is 0.5% and 1%, the values of [C] for the initiation of the peritectic reaction are 0.13% and 0.185%, respectively, and the values of Cp are 0.24%and 0.42%, respectively. So, if the compositions of high aluminum steel can not avoid above zone of 
Validation Against Experiments
Testing Indirectly
The goodness of fit for the relationships shown above is quite high at the peritectic point. Thus, if the phase diagram or Cp calculated by thermodynamics is accurate, then the fitted relationships can be used in actual practice. To determine the accuracy of these diagrams or Cp, we compared them to experimental values in an indirect manner as follows.
Many researchers have measured some liquidus and solidus temperatures for regular carbon and low alloy steels using the DTA method, and these data are available in the literature. To validate the calculation results, we derived the liquidus and solidus temperature from the calculated phase diagram and comparing them with the literature data, [7] [8] [9] [10] as shown in Fig. 6 .
The figure clearly shows that there is little difference between the calculated data and the measured data. Thus, from a general point of view, we may conclude that calculated phase diagrams are reliable.
In addition, for further validation, we compared the calculated temperature of austenite formation with literature values for some low alloy steels with carbon content located in the peritectic area as shown in Table 2 .
In this table, we see that calculated values that are slightly higher than the experimentally determined values. 11) This is because the calculation affords equilibrium values and does not account for cooling rate that occurs in practice. Nonetheless, from a general point of view, the calculated and measured values are in good agreement.
Overall, the calculated solidus, liquidus and austenite formation temperatures are relatively accurate. Since, the peritectic point occurs within the region defined by these temperatures on the phase diagram, we conclude that calculated values for Cp are reliable. However, the lack of experimental data on the peritectic point, necessitates further indirect comparison of the position of peritectic point by statistical anal- ysis of data from an actual industrial process.
Industrial Testing
In order to further test the correctness of the fitted relationships, statistical analysis was performed on data of slabs from 4 194 heats at an actual steel plant. The section size of slab is (200, 250, 300)×(2 000, 2 200, 2 500) mm 2 , the casting speed is in the range of 0.9-1.2 m/min, and normal casting speed is about 1.1 m/min. In addition, the properties of mould fluxes are similar in 4 194 heats, as shown in Table 3 .
The major steel grades in 4 194 heats are regular carbon and low alloy steels, and the contents of Si, Mn, P, S, Al in steel are similar. Thus, 4 194 heats are divided into 10 sections according to the carbon content from 0.09 mass% to 0.18 mass%, the contents of Si, Mn, P, S, Al in the 10 sections are averaged, respectively, as shown in Table 4 .
Specifically, we determined the relationship between carbon content in the steel and the longitudinal crack ratio, which is defined as the ratio of the number of slabs with longitudinal crack to the total number as shown in Table 4 and Fig. 7 . The figure shows that the longitudinal crack ratio reaches its peak at a carbon content of around 0.11%.
Next, to account for the effects of cooling, we refer to the results of Mikio and Muojekwu et al., who showed that the initial cooling rate of the solidifying shell is approximately 10 K/s-100 K/s. 12,13) Hu et al. reported that cooling rate causes Cp to move toward the left by 0.03% for slabs combining with actual production, 14) and Liu et al. showed from theory that the shift is 0.04-0.05% toward the left for slabs. 15) We assume a value of 0.035% in this work and calculate Cp with Eq. (1) and formulas reported by K.C.Mills and Kobe Steel Ltd, respectively. By taking the cooling rate into consideration in this manner, the deviation is used between the actual carbon content and predicted values of Cp to estimate the peritectic reaction tendency, as shown in Fig. 8 .
The figure shows that when Cp is calculated by Eq. (1), the smaller the magnitude of the deviation, the higher is the longitudinal crack ratio, which is consistent with the results of the industrial test. However, comparing with Cp calculated by Eq. (1), there is not distinct regularity between deviation of actual carbon content from theoretically Cp calculated by formulas reported by K.C.Mills and Kobe Steel Ltd and longitudinal crack rate. It is likely that the Cp reported by Kobe Steel Ltd and K.C.Mills is for high aluminium steel and high grade steel respectively, while the Cp in this work is for regular carbon and low alloy steels. Thus, for regular carbon and low alloy steels, the calculations in this study are reliable, and could be used in the design and optimization of steel compositions for different application requirements. Furthermore, the present findings can provide as a reference for setting the process parameters and choosing mold fluxes in continuous casting.
Conclusions
Based on our analysis of the relationship between composition and carbon content at the peritectic point, we draw the following conclusions:
(1) The effects of elements on the peritectic point comprise the effects of the elements individually and the effects of their mutual interactions. The former depend on the characteristics of the individual elements; the latter depend on both the individual characteristics and the concentration in steel.
(2) For the individual elements, addition of Mn and S causes the peritectic point to move toward the left, whereas the addition of P and Al makes the peritectic point move toward the right. However, Si, Ni, Cr, Cu, V, Nb and Mo have no obvious independent effect on the peritectic point in regular carbon and low alloy steels. Thus, Ni, Cr, Cu, V, Nb and Mo can be ignored, but Si must be considered as it has an effect via interactions with other elements.
(3) The relationship between the typical elements and the carbon content at the peritectic point (Cp) at equilibrium conditions can be described as follows: Cp=0.1763+0. (5) When taking cooling rate into consideration, the difference between the actual carbon content and theoretical calculated value of the carbon content at the peritectic point was used to estimate the peritectic reaction tendency. The results were consistent with the relationship between carbon content and longitudinal crack ratio obtained for a commercial plant, thus further validating the calculations.
